Although timing deficits are a robust finding in schizophrenia (SZ), the notion of a genuine time perception disorder in SZ is still being debated because distortions in timing might depend on neuropsychological deficits that are characteristics of the illness. Here we used meta-analytic methods to summarize the evidence of timing deficits in SZ and moderator analyses to determine whether defective timing in SZ arises from nontemporal sources or from defective time perception. PubMed Services, PsycNET, and Scopus were searched through March 2015, and all references in articles were investigated to find other relevant studies. Studies were selected if they included subjects with a primary diagnosis of SZ compared to a healthy control (HC) group and if they reported behavioral measures of duration estimation (perceptual and motor explicit timing). Data from 24 studies published from 1956 to 2015, which comprised 747 SZ individuals and 808 HC, were included. Results indicate that SZ individuals are less accurate than HC in estimating time duration across a wide range of tasks. Subgroup analyses showed that the fundamental timing deficit in SZ is independent from the length of the to-be-timed duration (automatic and cognitively controlled timing) and from methods of stimuli estimation (perceptual and motor timing). Thus, time perception per se is disturbed in SZ (not just task-specific timing processes) and this perturbation is independent from more generalized cognitive impairments. Behavioral evidence of disturbed automatic timing should be more thoroughly investigated with the aim of defining it as a cognitive phenotype for more homogeneous diagnostic subgrouping.
Although timing deficits are a robust finding in schizophrenia (SZ), the notion of a genuine time perception disorder in SZ is still being debated because distortions in timing might depend on neuropsychological deficits that are characteristics of the illness. Here we used meta-analytic methods to summarize the evidence of timing deficits in SZ and moderator analyses to determine whether defective timing in SZ arises from nontemporal sources or from defective time perception. PubMed Services, PsycNET, and Scopus were searched through March 2015, and all references in articles were investigated to find other relevant studies. Studies were selected if they included subjects with a primary diagnosis of SZ compared to a healthy control (HC) group and if they reported behavioral measures of duration estimation (perceptual and motor explicit timing). Data from 24 studies published from 1956 to 2015, which comprised 747 SZ individuals and 808 HC, were included. Results indicate that SZ individuals are less accurate than HC in estimating time duration across a wide range of tasks. Subgroup analyses showed that the fundamental timing deficit in SZ is independent from the length of the to-be-timed duration (automatic and cognitively controlled timing) and from methods of stimuli estimation (perceptual and motor timing). Thus, time perception per se is disturbed in SZ (not just task-specific timing processes) and this perturbation is independent from more generalized cognitive impairments. Behavioral evidence of disturbed automatic timing should be more thoroughly investigated with the aim of defining it as a cognitive phenotype for more homogeneous diagnostic subgrouping.
Introduction
As everything exists in a temporal dimension, the capacity to capture and correctly process the temporal information embedded in relevant events is an absolute necessity for higher organisms. 1 In fact, the ability to perceive, remember, and organize behavior in periods ranging from seconds to minutes (ie, interval timing) mediates several functions, from basic motor coordination 2 to higher goaldirected behavior such as decision making regarding different reward sequences. 3 Currently timing is a topic of intensive investigation. It is a multifaceted process that is involved whenever we make a deliberate estimate of a discrete duration of time in order to compare it with a previously memorized standard (ie, explicit timing). Alternatively, it is automatically engaged whenever sensorimotor information is temporally structured (ie, implicit timing). 4 Further functional and neuroanatomical distinctions 5 can be made among the processes that are recruited when estimates of duration are given in the form of perceptual discrimination (ie, perceptual timing) or in the form of a motor response (ie, motor timing). Certainly, timing is inextricably interrelated with other cognitive processes such as attention, long-term memory and working memory. On one hand, timing has been defined as a "basic unit of ability" 6 that modulates other cognitive and behavioral processes. On the other hand, the cognitive ability required for the perception of incoming temporal information, its storage and retrieval from long-term memory, and "on-line" comparison with other elements in working memory necessarily relies on the above-mentioned cognitive resources.
Pathophysiological distortions in time perception have been reported in a number of different neuropsychiatric disorders. They are primarily associated with dopaminergic, fronto-striatal, and deep grey matter structural dysfunctions, such as those found in schizophrenia (SZ), attention deficit hyperactivity disorder, autism and Parkinson's disease. [6] [7] [8] However, as dopaminergic modulation in the frontostriatal circuitry supports other cognitive processes such as working memory 9 and reward-based learning, 10, 11 which are required for accurate timing, questions still remain about whether increased timing variability in the above mentioned disorders arises from a cognitive dysfunction that is independent from defective interval timing per se.
Numerous studies that focused on SZ demonstrated that patients have reduced accuracy in estimating periods of time in the minutes-to-hours range, 12, 13 and in timing stimulus duration in the range of milliseconds to a few seconds. [14] [15] [16] [17] [18] [19] As SZ has been characterized as a deficiency in the temporal coordination of information processing in the brain, 20 it has been argued that impairments of time processing could be an essential part of its pathogenesis 21 and that disruption of patients' internal clock might be associated with highly disabling symptoms like delusions or hallucinations. 22 However, recent evidence 23, 24 challenges the notion of a genuine time perception disorder in SZ. Indeed, the internal clock of SZ patients is not faster than that of normal controls 24 and SZ patients' performance on timing tasks is impaired only in cognitively demanding trials. 23 This suggests that timing disturbances in SZ are secondary to disease-related cognitive impairments and that attention 25 and working memory deficits 24 explain the observed time perception impairment. This issue has not, however, been clarified by empirical findings.
In this systematic review and meta-analysis we quantitatively/qualitatively analyzed explicit timing abilities in patients affected by SZ compared to matched healthy controls (HC). As the time intervals used in SZ studies range from milliseconds to hours, and make different demands on other cognitive processes, it is difficult to disentangle deficits of temporal perception from generalized impairments of attention 26, 27 and memory. 28 To address this problem, we categorized each study according to interval duration (ie, longer or shorter than 500 ms) [29] [30] [31] to isolate deficits in the different mechanisms underlying the "cognitively controlled" and "automatic" timing systems. 30, 32 In fact, the automatic system measures time without attentional or cognitive modulation and is primarily involved in timing intervals in the subsecond range, while cognitively controlled timing is primarily based on higher level cognitive circuits that fulfill attentional and memory requirements which are recruited for longer period estimations. 33 Thus, the primary aim of the present systematic review and meta-analysis was to investigate whether patients with a diagnosis of SZ are differentially impaired in the ability to produce an explicit estimate of elapsed time by automatic (primary) and cognitively controlled (secondary) processes and to determine whether timing deficits in SZ arise from cognitive impairments other than defective interval timing per se.
Materials and Methods

Literature Search and Study Selection
The paper inclusion/exclusion criteria, search strategy and primary variables assessed were defined a priori according to the guidelines proposed in the PRISMA statement. 34 An extensive literature review was conducted to search for articles that investigated explicit timing abilities in SZ. PubMed Services, PsycNET (including the PsycINFO, PsycBOOKS, PsycCRITIQUES, PsycARTICLES, and PsycEXTRA databases), and Scopus were searched through March 2015, without limits concerning year of publication. The key word schizophrenia was used in combination with any of the following terms: temporal processing, temporal discrimination, time perception, temporal estimation, time estimation, internal clock, and interval timing. The reference list of identified studies was also hand-searched to obtain additional articles. Studies were considered for inclusion if they: (1) were published in English in a peer-reviewed journal; (2) included subjects with a primary diagnosis of SZ on the basis of ICD [35] [36] [37] [38] [39] and DSM [40] [41] [42] [43] [44] [45] criteria; (3) reported behavioral measures of duration estimation (perceptual and motor explicit timing); and (4) compared a SZ group with a HC group. Studies were excluded if: (1) they enrolled mixed samples of SZ and SZ-spectrum subjects and data were not reported separately for the 2 groups 24, [46] [47] [48] [49] [50] ; (2) subjects were required to use explicit counting in order to keep track of time 15, [51] [52] [53] [54] [55] ; and (3) inferences about patients' timing ability could not be drawn from the reported data. [56] [57] [58] [59] [60] [61] [62] The literature search yielded 134 studies, 50 of which fulfilled the inclusion/exclusion criteria on the basis of abstracts. Full texts of the candidate studies were independently screened by 2 evaluators (V.C. and F.P.) and 25 papers were excluded (schizotypal sample: 2; no HC group: 4; mixed samples of SZ patients and SZ-spectrum subjects, data not reported separately for the 2 groups: 5; no valid measure of time perception abilities: 8; explicit counting: 6). The same evaluators further excluded 1 paper as in the candidate investigation 18 the same sample of already included study was described. 19 At the end of the selection process, 24 studies were accepted as eligible for meta-analysis: 11 that required time measurements in the subsecond range (ie, automatic timing), 16, 17, [63] [64] [65] [66] [67] [68] [69] [70] [71] 10 that reported measures of cognitively controlled timing, 13, 14, [72] [73] [74] [75] [76] [77] [78] [79] and 3 that evaluated both. 19, 80, 81 A total of 747 SZ individuals and 808 HC subjects from the above mentioned studies were included in the meta-analysis. After the eligibility assessment, a data extraction sheet and a coding scheme were developed, pilot tested on 5 randomly selected studies and refined accordingly. The first author (V.C.) extracted the following data from the included studies and the last author (F.P.) checked them: (1) sample size; (2) clinical characteristics: illness duration, Positive And Negative Syndrome Scale (PANSS) score, chlorpromazine equivalent doses for typical and atypical antipsychotics; (3) Method of timing assessment: type of temporal processing engaged (automatic vs cognitively controlled timing), method of temporal stimulus estimation (motor vs perceptual timing), explicit timing task employed (temporal bisection, method of estimation, duration discrimination, duration threshold, detection of temporal irregularity, finger tapping), modality of temporal stimulus presentation (visual vs. auditory). Table 1 displays the characteristics of the included studies.
Eighteen of the 24 included studies evaluated perceptual timing, in which subjects typically stated whether a stimulus duration or interstimulus interval (ISI) was shorter or longer than another 13, 14, 16, 17, 19, 63, 64, [67] [68] [69] [70] [71] [72] 74, 75, [78] [79] [80] ; 3 studies used a temporal bisection task, 19, 63, 80 which required subjects to judge whether temporal stimuli were more similar to the long or to the short standard duration previously presented; 6 studies employed the method of verbal estimation of intervals 13, 72, 74, 75, 78, 79 ; 6 studies 14, 16, 17, [67] [68] [69] examined subjects' ability to compare the duration of a probe sensory stimulus with that of a target stimulus previously stored in working or reference memory (ie, a duration discrimination task 5 ); 2 studies 70,71 adopted psychophysical procedures (ie, adaptive methods) to measure the smallest difference in duration between 2 intervals the participant could detect in 70% of the trials (ie, duration/interval threshold task); and 1 study 64 examined the ability to detect temporal irregularities in a stream of standard tones. Three studies 65, 66, 81 employed measurements of motor timing in which subjects reproduced the timed duration or ISI with a sustained, delayed, or periodic motor action. 5 Specifically, the finger tapping task requires that participants first tap in time with computer-generated tones separated by a fixed intertone interval (tone-paced tapping), after which the tones are discontinued and participants are required to continue tapping at the established pace (self-paced tapping). 65 Lastly, 3 studies 73,76,77 adopted 2 concurrent methods such as the estimation and the production of temporal intervals or the temporal bisection and the finger-tapping tasks. 76 
Data Synthesis and Analysis
To quantify the degree of impaired explicit timing processing in SZ, effect sizes were calculated for the difference in scores between SZ and HC using techniques detailed in Lipsey and Wilson. 82 As different assessments were used, raw scores were entered such that the direction of the effect size was negative if the performance of the SZ group was worse than that of the HC group. The effect size estimate used was Cohen's d, which is commonly employed for continuous measures. 83 When raw data were not reported, the estimate was computed from exact P, t, or F values and from binary proportions. 82 If insufficient data were provided, the corresponding authors were contacted by e-mail and requested to provide details that were not included in the original publication.
After inputting the effect size for each study, metaanalytic techniques were applied to obtain a combined effect expressing the magnitude of association, weighted for sample size. Stouffer's Z, a test of the cumulative evidence on the common null hypothesis, provided an indication of the significance of the difference in explicit timing performances between SZ and HC groups. A 95% CI was calculated based on the SE. In order to account for clinical (ie, differences associated with participants, interventions, or outcomes) 84 and methodological (eg, differences in study design) 84 heterogeneity among the included studies, a random effect model was used, as this includes consideration of heterogeneity in the effect estimate. 84 The total heterogeneity of the effect sizes (Q) was calculated and considered significant for P < .05. A significant Q means that the observed dispersion among effects exceeds the amount that would be expected from sampling errors and suggests that other explanatory variables should be investigated. When a significant level of heterogeneity was reached, the I 2 index, an estimate of the total proportion of variance due to heterogeneity, 85, 86 was determined. The between studies variance (τ 2 ), a measure of interstudy variance representing both the degree to which true effects vary across experiments and the degree to which individual studies give biased assessments, 87 was also computed and used to assign weights to the included studies. Furthermore, to investigate the impact of potential effect modifiers (ie, factors that can affect the considered outcome), subgroup analyses were performed on subsets of studies stratified by: (1) type of temporal processing engaged and (2) method of temporal stimulus estimation. In the case of complex data structure, subgroup analyses split the data from all participants to make comparisons between subgroups. 84 Specifically, here we: (1) compared the effect size for automatic timing with the effect size for cognitively controlled timing abilities and (2) computed a summary effect for the impact of the method of stimulus estimation (perceptual and motor) on automatic and cognitively controlled timing performance combined. Mixed effect analyses (separately for each potential modifier) were performed; here a random-effects model was used to combine studies within each subgroup and a fixed effect model to combine subgroups; τ 2 was not assumed to be the same for all subgroups. 88 Publication bias was examined by using a funnel plot of SEs and SDs in the mean; in the case of asymmetry, Duval and Tweedie's Trim and Fit analysis was performed. 89 All analyses were completed in Comprehensive Metaanalysis package, version 2 (http://www.meta-analysis. com). 
Results
The first analysis concerned potential differences in explicit timing performance between 747 SZ and 808 HC. Table 2 reports the effect size for each included study.
The overall effect size for SZ vs. HC was −0.64 (95% CI = −0.82, −0.45; z = −6.63; P < .001); this implies that the mean of the observed effect was significantly different from 0.0 and suggests there was a moderate difference in timing performance such that SZ individuals performed worse than HC subjects. However, the dispersion among effects exceeded the amount expected by chance (Q[23df] = 69.62; P < .001) and the total proportion of variance between studies, due to real differences in the effect size, was high (I 2 = 66.97%) whereas the inter-study variance was negligible (τ 2 = 0.14). In order to ascertain whether variations among studies was due to clinical heterogeneity, 2 mixed effects analyses were performed using: (1) type of temporal processing engaged (cognitively controlled and automatic timing) and (2) method of temporal stimulus estimation (perceptual and motor) as potential modifier. Studies were combined across subgroups of: (1) automatic timing, (2) cognitively controlled timing, (3) motor timing, and (4) perceptual timing, considering a minimum of 4 studies for each modifier. 90 In the first analysis, the combined effect in the subgroup of studies 88 investigating automatic timing (N = 14) was compared to the combined effect in the subgroup of studies considering cognitively controlled timing (N = 16). Table 3 presents the forest plot showing the combined effect sizes (and 95% CIs) for automatic and cognitively controlled timing and the overall effect size expressing the impact of the temporal process engaged (controlling for the method of temporal stimulus estimation) 88 under the random effects model.
The overall effect in the automatic timing subgroup (which included 341 subjects) was −0.75 (95% CI = −1.04, −0.47; z = −5.24; P < .001) and −0.47 (95% CI = −0.73, −0.21; z = −3.50; P < .001) in the cognitively controlled timing subgroup (which included 487 subjects), showing a significant deficit in both abilities in SZ compared to HC. Conversely, no significant difference was found in the between-studies variance (Q[1df] = 2.12; P = .15), which implies that SZ patients' difficulties in estimating periods of time did not vary when additional cognitive processes were required. Nevertheless, although heterogeneity was reduced by splitting participants' data into subgroups, particularly in the automatic subsample (Q[13df] = 43.24; P < .001), the observed effect was still significantly different from 0.0. Similarly, a second subgroup analysis in which studies were stratified based on the method of temporal stimulus estimation employed, independently from the temporal process engaged, demonstrated that perceptual and motor timing were significantly impaired in SZ. The overall effect size for studies exploring perceptual timing (21 papers, 579 patients) was −0.64 (95% CI = −0.89, −0.39; z = −4.99; P < .001) and −0.55 (95% CI = −0.93, −0.17; z = −2.84; P < .001) for motor timing (6 papers, 168 patients), suggesting a moderate effect, while the between-studies variance was not different from 0.0 (Q[1df] = 0.14; P = .71), demonstrating that both timing subcomponents were equally impaired in the SZ subgroup. The dispersion among effects was significant in both subgroups, but naturally reduced in the motor timing sub-sample (Q[5df] = 12.94 P = .02). Table 4 reports results of the overall meta-analysis and the 2 subgroup-analyses performed on explicit timing in SZ patients.
The overall predicted publication bias for automatic and cognitively controlled timing was negligible because Duval and Tweedie's Trim and Fit analysis 89 revealed no missing study, resulting in no shift of the overall mean weighted effect size (−0.56). Finally, the classic fail-safe N analysis estimated that 762 nonsignificant or missing studies were needed to render the observed meta-analytical results nonsignificant.
Discussion
For years timing disturbances have been reported in individuals with SZ on a variety of timing tasks. 13, 15, 53, 55, 74, [91] [92] [93] [94] Specifically, the described timing deficits suggest an acceleration of the internal clock, 95 because patients overestimate the interval duration when verbally reporting it 15 or during repetitive tapping, 65 and underestimate the interval duration during time production tasks. 15, 94 However, given the correspondences between cognition and interval timing abilities, the notion of a genuine time perception disorder in SZ is still being debated. 24, 25, 76 To our knowledge, this is the first review and meta-analysis that has specifically addressed explicit timing in SZ patients focusing on whether disturbances in this function are due to a primary perceptive deficit or to secondary diseaserelated cognitive impairments in working memory, executive functioning, and attention.
Here we found that SZ individuals are less accurate than HC subjects in estimating durations ranging from milliseconds to several minutes in a wide range of tasks traditionally employed to study explicit timing. This result is interesting because neuropsychological 13, 15, 53, 55, 74, [91] [92] [93] [94] and pharmacological 96, 97 evidence suggests that SZ patients are impaired in temporal processing. Intriguingly, also subjects without a diagnosis of SZ who are prone to visual 99 and individuals deemed to be at high genetic risk for developing SZ (eg, one parent diagnosed with SZ) 25 demonstrate alterations in time estimation resembling those observed in SZ. This suggests that a timing dysfunction might be considered an endophenotype of SZ and schizotypal personality disorder.
Relevant to the long-running debate about the legitimacy of the hypothesis that defective temporal event structuring is a key feature of SZ, several authors 29, 30, 97 proposed the existence of 2 distinct timing mechanisms: an automatic mechanism for measuring duration in the millisecond range and a cognitively controlled mechanism, mediated by attention and drawing upon working memory, for measuring intervals in the range of seconds. Following this line of argument, we stratified papers according to interval duration. We assumed that, if disturbances in timing are secondary to disease-related cognitive impairments, 100 then there should be a significant difference in the magnitude of deficits associated with different timing systems. We found that SZ patients are equally impaired in timing events in both the milliseconds and the seconds range, thus suggesting that impaired temporal processing is a pervasive, as well as a primary deficit in SZ. This finding is in line with previous evidence 14, 16, 17, 19, 62, 67, 92, 101, 102 of the lack of correlation between timing abilities and working memory, attention or executive functioning capacities in SZ and HC. Although a recent meta-analysis showed that temporal processing is mediated by a distributed network that can be differentially engaged depending on task requirements, 103 our results suggest that SZ patients' timing deficits cannot be differentiated on the basis of task demands. The latter implies that time perception per se, and not merely task-specific timing processes, is disrupted in SZ. Recent pharmacological studies 96, 97 provide further support to the hypothesis that altered time perception is a distinctive deficit in SZ since the NMDA receptor antagonists, which are used to model the putative hypoglutamate state of schizophrenia, produce cognitive changes resembling those observed in prodromal stages of SZ, concurrently impairing timing abilities. Indeed, memantine and ketamine were used to investigate whether drug-induced perturbations in cognitive processing interfere with timing performance. Memantine was found to disrupt the timing of auditory stimuli in the seconds, but not the milliseconds range, whereas ketamine had a specific effect on accuracy in a timing task, but not in a color discrimination task matched for working memory and attentional demands. These findings suggest that timing disturbances in SZ are more pervasive and not just due to working memory deficits. Moreover, as shown in temporal bisection tasks, 19 comparable bisection points between SZ and nonpsychiatric groups indicate that the higher attentional demands required for timing longer durations have no effect on temporal encoding. This suggests that the fundamental timing deficit in SZ is independent from the length of the to-betimed duration and, consequently, from more generalized cognitive impairments. 16, 19 Nevertheless, it is also possible that in SZ patients (unlike normal subjects) the amount of attention allocated to stimulus processing (which is assumed to be very small for events lasting for very short intervals) is larger, thus suggesting that the observed disturbance in timing brief durations can be attributed to abnormalities in attentional processes. However, the latter hypothesis seems rather implausible considering the poor effort and generalized capacity limitations in attention allocation during the identification of visual targets commonly observed in SZ. 104 Further support for the primary deficit hypothesis comes from electrophysiological studies examining mismatch negativity (MMN) responses, a component of the event-related potential elicited in response to infrequent auditory deviant stimuli in the context of recurring standard stimuli. Duration-MMN was utilized as a physiological measure of preconscious temporal processing corresponding to the preattentive neural activity that is available for the conscious perception of time during temporal discrimination tasks. 105 An advantage of the MMN paradigm is the fact that it is generated in the absence of focused attention or motor responses and, therefore, is less affected by deficits in other cognitive processes. 105, 106 Deficits in duration-MMN (vs frequency-MMN) are a robust feature of SZ 70, 71, [107] [108] [109] [110] [111] [112] and have not been observed in other major psychiatric disorders such as major depressive disorder and bipolar disorder, 107, 113 suggesting that defective MMN generation could be considered a cognitive endophenotype of SZ.
The evidence of a specific weakness of SZ in a process linked to alerting the organism to a novel stimulus 71 challenges the recent dimensional approach to psychiatric disturbances, which suggests the existence of a continuum ranging from SZ to bipolar disorders that shares a common biological phenotype, [114] [115] [116] [117] and instead supports Kraepelin's traditional dichotomy between the 2 entities. 118 Note that this issue has not been clarified by empirical findings. Indeed, alterations in temporal perception may represent a psychosis-related phenotype and constitute a trait dysfunction that crosses diagnostic categories; however, a recent investigation 63 found increased temporal variability in bipolar patients irrespective of whether psychotic symptoms were present. Moreover, patients diagnosed with SZ show perturbed discrimination of simultaneous vs synchronous events. 119 Thus, for patients to become aware of the asynchrony between 2 sensory events they have to be separated by longer delays than for controls. Again, evidence of abnormalities in the low-level temporal coding of event structure appears to be independent from memory or attention impairments.
Taken together, these findings could be relevant for understanding the pathophysiology of SZ in the sense that psychopathological dimensions of delusions, hallucinations, and disorganized behavior could be conceptualized as phenomenological expressions of dysfunctional neural timing. 120 Importantly, the foregoing evidence of a fundamental defect in automatic timing fits well with the influential cognitive dysmetria theory proposed by Andreasen, 20 which conceptualizes SZ as a misconnection in the fluid, coordinated sequences of thought and action stemming from a dysfunction of the cortico-cerebellar-thalamic-cortical circuit, specifically of the cerebellar node, an area predominantly activated during sub-second durations processing. 103 Recent results from neuroanatomical 121 and imaging studies 103 demonstrated that the cerebellum is a crucial node in a densely interconnected network involved in the processing of temporal information that encompasses the premotor areas in the frontal lobe, selected regions of the prefrontal and parietal cortices, as well as the subcortical regions. In particular, sub-second durations (ie, automatic timing) likely recruit subcortical structures such as the basal ganglia and the cerebellum, while supra-second durations (ie, cognitively controlled timing) involve cortical structures such as the dorsolateral prefrontal cortex and the posterior parietal cortex. However, the degree of functional specialization of each brain region is still being investigated. An intermediate hypothesis is that a large distributed system is devoted to temporal processing in different circumstances, but the processing weight of the different nodes of this system change according to task contingencies. 122 Moreover, a strong link between specific timing mechanisms is conceivable, given the dense anatomical connections between the nodes of the automatic and cognitively controlled timing systems. For example, the two-way communication between the basal ganglia and cerebellum might provide on-line modulation to the feed-forward timing signals emitted by the cerebellum. 123 Furthermore, as SZ is associated with widespread reductions in grey matter 124 volume and disruptions in the organization of anatomical connectivity, 125 abnormalities in the synchronized oscillatory activity of neurons are expected (see Uhlhaas and colleagues 126 for a review). Since the oscillatory properties of cortical neurons appear to produce the internal clock ticks and to provide a distinct pattern of activity to represent durations, 127 SZ deficits in time perception could arise from abnormal neural oscillations and synchrony resulting from abnormalities in several cortical areas and their connectivity.
Figure 1 depicts brain regions differentially involved in automatic and cognitively controlled timing. 5, 128 Certainly, the temporal fragmentation of conscious experience and the corresponding lack of temporal organization in thoughts and behavior, probably resulting from alterations in the mechanisms that mediate the generation of coherent and coordinated activity in cortical circuits, could result in translation errors that contribute to delusional interpretations of reality. 129 Indeed, patients with SZ show a genuine impairment in making simultaneity judgments 130 that cannot be attributed to attentional or decisional biases. This causes defective discrimination of event structures over time, which contributes to the rupture in the sense of continuity frequently described at a clinical level. In addition, patients diagnosed with SZ show disturbances in the temporal flow of causal experience due to a greater tendency to bind together events that occur at brief intervals (ie, hyperbinding) resulting in an abnormal sense of agency and awareness of action, such as delusions of influence and megalomania. 131, 132 Overall, an in-depth examination of the contingent relationship between altered time processing and psychiatric symptoms could increase our understanding of the neurobiological processes that are responsible for SZ. Here the challenge is to reduce diagnostic heterogeneity by aggregating neurobiological and behavioral findings in more homogeneous diagnostic subgroups of SZ that show specific pathological distortions over time, thus providing greater insight into the underlying pathophysiology. 133 Before concluding we would like to discuss several issues. First, an intrinsic characteristic of meta-analysis techniques is that they depend entirely on the included studies. We do not, however, believe than any significant bias affected the above mentioned results, particularly for studies that investigated automatic and cognitively controlled timing (number of missing studies in classic fail and safe N test: 762). Conversely, as subgroup analysis requires a minimum of 4 studies to be performed, 90 we could not compare studies evaluating SZ perceptual and motor timing abilities split by type of temporal processing engaged. Indeed, several psychophysical experiments 122 suggest that even in the sub-second range (ie, in the automatic timing domain) the sensorimotor processing required (perception vs production) affects timing accuracy, because temporal variability is greater in perceptual tasks than in motor timing tasks. The fact that the interaction between duration and sensorimotor processing was not explored in the population under investigation might constitute a limitation of the present meta-analysis. Furthermore, although we aggregated patients' data on the basis of SZ diagnosis, heterogeneity of the clinical characteristics might have weakened the robustness of the present results. Indeed, except for a few studies, data on duration of illness, sample matching (ie, age, gender, educational level, and IQ), inventory scores, and medication status were unavailable, so we could not investigate the effect of further explanatory variables on the main result. Specifically, there is a large consensus on the dopaminergic modulation of several timing processes 96, 134 because the D2 receptor antagonist haloperidol impairs temporal sensitivity in HC, 135, 136 and appropriate responses to antipsychotic medication have been reported to be associated with better time perception. 137, 138 Moreover, although a number of investigations found that the perception of time in SZ was independent from the PANSS score, 19, 63, 65 disturbed time estimation was significantly correlated with PANSS positive symptom scores in one study. 23 Given the differential neurochemical and neural substrate of positive and negative symptoms in SZ, and the diverse effect that hyper and hypoactivity in dopamine transmission have on the internal clock speed, it is possible that the relationship between temporal sensitivity and psychotic symptoms is true only for positive symptoms. Future studies in which patients are stratified according to the deficit and nondeficit and/or positive/negative types of SZ will help clarify this issue.
However, evidence of altered time perception in people with no diagnosis of SZ 25 , such as SZ patients' relatives who have no clinical symptoms or take antipsychotic drugs, strongly suggests that a dysfunction in timing can be considered a trait marker of the SZ cognitive profile. Furthermore, timing distortions were also observed in by guest on November 7, 2016 http://schizophreniabulletin.oxfordjournals.org/ drug free patients , 13 and in pharmacological manipulation studies, 96, 97 implying that these alterations cannot be entirely explained by the adverse effect of antipsychotic drugs on timing tasks. Future studies should more thoroughly evaluate the relationship between timing deficits and clinical variables to reveal possible patterns of dysfunctional interaction.
In conclusion, the data that emerged from the present meta-analysis show that subjects diagnosed with SZ perform more poorly than HC in all explicit timing domains, with medium to large effect sizes. As the timing apparatus can be dissected into an automatic system and a cognitively controlled one, our meta-analytic approach provides the best-evidence synthesis for the existence of a primary timing dysfunction in SZ, because no significant differential deficit in a specific timing system is detectable. As timing has been proposed to be a "primary cognitive function" involved in several aspects of neuropsychological performance (such that variations in the efficiency of specific cognitive processes derive from changes in timing accuracy) this finding may provide deeper insight into the clinical phenotype of SZ. Moreover, as interval timing is a valuable heuristic for explaining either the nature of specific cognitive disorders or the neurobiological substrates of timing dysfunctions, it can be assumed as a model system to differentiate specific ongoing pathophysiological processes in SZ to detect more homogeneous clinical subtypes. Finally, the neuroscientific study of timing in SZ may provide relevant indications for the implementation of specific therapeutic strategies to treat the disorder, because interventions aimed at reducing temporal variability have already proved effective in conditions characterized by the same dopaminergic and frontostriatal dysfunctions as those found in SZ 139 .
